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Monodispersed Co clusters with mean cluster diameter d ¼ 13 nm have been deposited on a stepped graphite surface and a
lithography-patterned Si wafer using a plasma-gas-condensation cluster beam deposition apparatus. High-resolution scanning
electron microscope observation indicates that 1) cluster aggregation is much more limited at the steps than on the flat terrace
regions of the graphite surface, and 2) cluster density is much higher in the grooves than on the flat top of the lithography-
patterned Si wafers. These results suggest the possibility of the regular arrangement of monodispersed Co clusters if the
pattern size (the width of grooves and tops) is comparable with the cluster size. [DOI: 10.1143/JJAP.41.5726]
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1. Introduction
For future application of highly dense storage media or
advanced electronics and photonics devices, nanoscale
controlled dot and wire arrays have been fabricated via a
top-down route of lithography combined with artificial
superlattice deposition.1) Periodical lattice and/or self-
assemblies of nanoparticles have also been widely prepared
via a bottom-up route using colloidal solutions and
controlling interaction of surfactants.2) Since we have been
able to produce monodispersed size clusters with standard
deviation () less than 10% of the mean diameter (d) via
another bottom-up route of condensing vaporized atoms in
clean inert gas atmosphere,3) we attempt to deposit these
clusters in a specific ordered manner.
A number of workers have explored the formation of
clusters at steps via atomic vapor deposition.4–7) Experi-
mental studies of atom and dimer diffusion along step
edges,8,9) and theoretical studies of island growth on steps in
epitaxial systems10) have also been reported. There are also
several reports on the size-selected cluster deposition of
silver (Ag50, Ag185, Ag250 and Ag400) on a graphite surface
using the cluster beam deposition method.11,12) Since the
small Ag clusters deposited on the graphite surface can
diffuse across the surface and aggregate into larger particles
(d  14 nm), the benefit of the size-selective cluster beams
is lost. In this paper, we report the deposition of large size-
monodispersed Co clusters (d ¼ 13 nm) onto a graphite
substrate with steps and a silicon substrate with grooves.
2. Experimental
The monodispersed Co clusters were prepared using the
plasma-gas-condensation (PGC) cluster beam deposition
apparatus, the details of which have been described
elsewhere.13,14) The apparatus is composed of three main
parts: a sputtering chamber, a cluster growth room and a
deposition chamber. The sample substrate can be heated to
500C using a resistive heater and is fixed onto the sample
holder in the deposition chamber. The clusters were
deposited onto highly oriented pyrolytic graphite (HOPG)
substrates and lithograph-patterned Si wafers in a high-
vacuum chamber with a background pressure of 108–
107 Torr; during deposition the pressure in the deposition
chamber rose to 105 Torr owing to remaining Ar gas. The
cluster deposition rate, rd ¼ 2–3.5 nm/min, was estimated
using a quartz thickness monitor and by measuring the
weight of the deposited clusters. The size of clusters
deposited on microgrids was estimated using a Hitachi
HF-2000 transmission electron microscope (TEM), operat-
ing at 200 kV. The morphology of clusters deposited on the
HOPG and patterned Si substrates was observed using a
high-resolution scanning electron microscope (SEM) (JEOL:
JSM-6320F) operating at 3 kV.
3. Results and Discussion
Figure 1 shows (a) bright-field TEM images and (b)
corresponding cluster size distributions of Co clusters
deposited on a microgrid at room temperature and Ar gas
flow rate RAr ¼ 500 sccm. Here, we estimated the cluster
size distributions from digitized images recorded by a slow-
scan charge-coupled device (CCD) camera in the object area
of 350 350 nm2 using image-analysis software (Image-Pro
PLUS: Media Cybernetics). These figures clearly indicate
the formation of size-monodispersed clusters with the mean
diameter (d) of about 13 nm and standard deviation () less
than 10% of the mean size. Moreover, individual Co clusters
can be distinguished in spite of their partial overlap. This
suggests that the cluster size in the cluster beam is
maintained on the substrate.
Figure 2 shows the SEM images observed at room
temperature after depositing the monodispersed Co clusters
onto stepped HOPG substrates (deposition rate: rd ¼ 2:5 nm/
min; deposition time: td ¼ 1min). The substrate tempera-
ture, Ts ¼ 27, 100, 200, or 300C, held only during the
deposition time and then was decreased to room tempera-
ture. The clusters are observed on both terraces and steps.
Clearly, the number of Co clusters observed in the step
regions is more than that in the terrace regions. This feature
becomes more conspicuous with increasing substrate
temperature. These observations suggest that large Co
clusters of d ¼ 13 nm are able to diffuse across terraces
even at room temperature and are trapped at the steps; high
substrate temperature is effective for increasing the mobility
or diffusion of the Co clusters on the substrate. Here, we
E-mail: pengdl@mse.nitech.ac.jp
yPermanent address: Laboratoire de Nanotechnologie et d’Instrumentation
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have to consider cluster-cluster coalescence behavior. Our
previous electrical conductivity measurement and TEM
observation studies15) on the coalescence process revealed
that cluster-cluster coalescence begins at their interface at
T > 100C, while the morphology of cluster distribution
shows no marked change at substrate temperatures Ts <
Fig. 1. (a) TEM image and (b) cluster size distribution of monodispersed Co clusters deposited onto a carbon microgrid at Ts ¼ 27C
and Ar gas flow rate RAr ¼ 500 sccm.
Fig. 2. SEM images observed at room temperature after depositing Co clusters onto stepped HOPG substrates (deposition rate:
rd ¼ 2:5 nm/min) kept at Ts ¼ 27, 100, 200, and 300C.
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250C for Co clusters with d ¼ 8:5 nm. When Ts > 250C,
the morphology of the cluster distribution is considerably
changed and intercluster coalescence and the growth or
reconstruction of neighboring clusters is detectable. We
suggest that a substrate temperature below 250C is suitable
for promoting cluster migration while maintaining their
original size and structure.
As seen in Fig. 2, Co clusters are more effectively trapped
at the steps than on the flat terrace regions of the HOPG
substrate. However, the step directions are not regular on
natural HOPG surfaces. In order to fabricate regular arrays
of monodispersed Co clusters, we used lithography-
patterned Si wafer substrates. The grooves made by
lithography have a V shape. Figures 3(a) and 3(b) show
atomic force microscope (AFM) images of the cross-
sectional structure and size of the lithography-patterned Si
wafer, and of the cluster distribution after depositing Co
clusters onto this wafer at room temperature (deposition rate:
rd ¼ 2:5 nm/min; deposition time: td ¼ 1min). Figure 3(c)
shows a SEM image of the same sample. From Figs. 3(b)
and 3(c), although a higher cluster density is observed inside
the grooves, the pattern size is too large in comparison with
the cluster size to clearly observe selective growth. Thus, we
further decreased the pattern size and increased the substrate
temperature. Figure 4 shows (a) SEM images observed at
room temperature after depositing Co clusters (deposition
rate: rd ¼ 2:5 nm/min) onto the lithography-patterned Si
wafer kept at Ts ¼ 200C, and (b) a schematic drawing of
the cross-sectional structure and size of the lithography-
patterned Si wafer. The pattern parameter is A/B/C = 100/
80/50 nm. From Fig. 4(a), due to cluster migration, a much
higher cluster density is observed inside the grooves than on
the tops. This clearly indicates that the grooves act as
effective sites for Co cluster assembly. In other words, the
mobility of the clusters is greatly reduced at the grooves. On
the other hand, we also see a small number of incident Co
clusters on the tops, suggesting that those clusters are
trapped at defect sites on the tops and/or the pattern size of
the Si wafer is still too large to induce selective regular
distribution of clusters. We aim to obtain a Si wafer
substrate with a smaller pattern size, though it is difficult to
process a smaller size pattern on a substrate by lithography.
As described above, large Co clusters (d ¼ 13 nm)
containing about 105 atoms also have high mobility, similar
to antimony clusters (2300 atoms, d ¼ 5 nm).16) For
antimony clusters on graphite, a surprisingly high cluster
mobility has also been observed,16) which could not be
accounted for by the atomic processes of edge diffusion,17)
and evaporation and subsequent condensation of their
peripheral atoms18) because of their diffusion coefficient
D ¼ D0 expðEa=kBTÞ with D0  1:6 104 cm2/s and acti-
Fig. 3. (a) AFM image of the cross-sectional structure and size of
lithography-patterned Si wafer; (b) AFM image of the cluster distribution
after depositing Co clusters at room temperature (deposition rate:
rd ¼ 2:5 nm/min) onto this wafer; (c) SEM image of the same sample.
Fig. 4. (a) SEM images observed at room temperature after depositing Co
clusters onto lithography-patterned Si wafer (deposition rate: rd ¼
2:5 nm/min) kept at Ts ¼ 200C; (b) a schematic drawing of the cross-
sectional structure and size of lithography-patterned Si wafer.
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vation energy Ea ¼ 0:7 0:1 eV. If diffusion is limited by
the migration of one atom from the bulk to the surface,
D0  103 cm2/s is observed.4,17,19) Therefore, high cluster
mobility should result from the collective motion of all
atoms of a cluster. Recently, this fast diffusion or high
mobility has been described as a Brownian motion induced
by the internal vibrations of the cluster and/or the vibrations
of the substrate, in a molecular dynamics study of large
Lennard-Jones clusters evolving on a crystalline surface.20)
When the cluster is not commensurate with the substrate, the
interaction felt by the cluster center of mass is small. In this
case, the cluster is not locked by the substrate and can
vibrate relatively freely. Both the internal vibrations of the
cluster and the vibrations of the substrate create a random
force on the cluster center of mass, which induces a
Brownian motion in this weak external potential. This
random force is sufficiently strong to overcome the small
energy barriers, resulting in a rapid diffusive motion. Quite
recently, through extensive molecular dynamics simulations,
Luedtke and Landman21) reported another collective diffu-
sion mechanism, slip diffusion, of a gold cluster (Au140)
adsorbed on a graphite surface, which involves long sliding
trajectories, which may be described mathematically as Levy
flight.22) For the present large Co clusters, it is difficult to
imagine that such a Brownian motion and slip diffusion also
result in high mobility. As can been seen in Fig. 1, most Co
clusters have a spherical shape. We believe that in this case,
rotation of the clusters on the substrate may give an
important contribution to the high mobility.
In order to further discuss the possibility of regular
arrangement of monodispersed Co clusters, we estimate the
diffusion length (LD) using the above-mentioned diffusion
coefficient (D) and activation energy (Ea) of antimony
clusters and the following equation:
LD ¼ ðDtÞ1=2; ð1Þ
where t is diffusion time. If we take t ¼ 1 s (the deposition
time of the sample is about 1min), then we can obtain the
diffusion lengths LD ¼ 1:69 103, 2:38 104, 2:37 105,
and 1:06 106 nm for Ts ¼ 27, 100, 200, and 300C,
respectively. Clearly, these values are much longer than
the widths (102–103 nm) of terraces on the stepped HOPG
substrates and the tops of lithography-patterned Si wafer
substrates. For example, LD is larger by two or three orders
of magnitude than the widths of the terraces and tops at
Ts ¼ 200C. This also suggests that the clusters can move
into the grooves and are trapped there. However, as seen in
Figs. 2 and 4, only a locally regular arrangement of Co
clusters is observed. There are some reasonable explanations
for this. In this estimation, we first used the values of D and
Ea of the antimony clusters for the estimation of LD, while
the present Co clusters (d ¼ 13 nm) are much larger than the
antimony clusters (d ¼ 5 nm), and thus the values of D
should be much smaller than those for the antimony clusters.
Secondly, since the defect sites and/or roughness of the
terraces (HOPG) and tops (lithography-patterned Si wafer)
trap the migrating clusters, they prevent the regular
arrangement of clusters on the steps and grooves. They also
lead to the presence of a small number of Co clusters on the
terraces and tops. Thirdly, it should be noted that at
Ts ¼ 27C (Fig. 3) and 200C (Fig. 4), ‘‘large clusters’’
formed by connection and/or overlap of several incident
clusters are often observed on the tops and in the grooves.
Moreover, at Ts ¼ 200C, cluster-cluster coalescence takes
place at their interface15) though the high substrate
temperature is effective for increasing the mobility of
clusters. The formation of such a ‘‘large random network
cluster’’ also prevents the regular arrangement of Co clusters
on the grooves. To solve this problem, we must adopt slow
cluster deposition (namely, a very low deposition rate) and
ensure sufficient time for clusters to migrate into a groove
before two clusters meet each other on the top of substrates.
4. Conclusions
We have demonstrated the deposition of large Co clusters
on a stepped graphite surface and a lithography-patterned Si
wafer. High mobility of the Co clusters is observed. Cluster
migration is much more limited at the grooves than on the
top of the lithography-patterned Si wafer, leading to a much
higher cluster density in the grooves. These results suggest
the possibility of the fabrication of size-monodispersed Co
clusters in a regular arrangement.
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